ABSTRACT The performance of an underlay cognitive radio network that coexists with a primary destination is studied in terms of the outage probability. The investigated secondary network comprises a source-destination pair communicating under the assistance of a full-duplex decode-and-forward relay. We consider the following key aspects pertinent to the underlay cognitive-radio approach and to the fullduplex operation at the relay: the transmit power constraint of the cognitive network by the maximum interference tolerated at the primary destination, as well as by the maximum-available transmit power at the cognitive terminals; the impact of the residual self-interference inherent to the relay; and the use of a joint-decoding technique at the destination in order to combine the concurrent signals coming from the source and relay, which enables the treatment of the direct-link transmission as information signal, rather than as interference. Herein, the joint effect of the maximum interference power constraint and the residual self-interference are both examined. To this end, an arbitrary power allocation between source and relay is allowed. Then, an accurate closed-form approximation to the outage probability is proposed, from which an asymptotic expression is derived for the high SNR ratio regime. Our analytical results are validated via Monte Carlo simulations. Importantly, we show that a maximum-available transmit power not only saves energy but also reduces the outage probability at medium to high SNR ratio.
I. INTRODUCTION
In recent years, wireless networks have become ubiquitous and an indispensable part of our daily lives due to a broad range of applications. We experience this through a myriad of connected devices that are changing the way we live, do business, gather into social groups, and interact in an ever more connected society. As a result of this high demand for wireless data services, a thousand-fold increase in traffic volume is expected by 2020 [1] , [2] . Therefore, operators are compelled to cope with such demand and explore new ways to improve coverage, network capacity, and reliability, while lowering their capital and operating expenditures. Nonetheless, current technologies are unable to handle such stringent requirements; thus, new technologies, as well as new policies and a rearrangement of the spectrum usage, are required [3] .
Spectrum sharing and full-duplex (FD) relaying appear as key technologies to boost coverage, energy efficiency, and spectral efficiency in order to cope with such galloping demand for mobile traffic in future wireless networks [4] , [5] . Spectrum sharing was envisaged as a way to make a more efficient use of the radio spectrum, thus alleviating the spectrum scarcity and underutilization problems [6] . In particular, spectrum-sharing techniques enable secondary (unlicensed) users to exploit the cognition of their surroundings to access the licensed radio spectrum, provided that the primary users' performance is not compromised, by totally avoiding or limiting the resulting interference. According to the spectrum-sharing approach, a cognitive radio transmission can be classified as underlay, overlay, or interweave [7] , [8] .
In this work, we focus on the performance analysis of secondary networks operating according to an underlay spectrum-sharing approach, whereby the secondary users are allowed to concurrently access the licensed band, provided that the resulting interference power on the primary users remains below a certain tolerated level, referred to as interference-temperature constraint [9] .
In parallel to spectrum-sharing techniques, cooperative relaying re-emerged in early 2000s as a viable solution to improve energy efficiency and reliability, by providing a new form of spatial diversity to the communication process among single-antenna devices [10] , [11] . However, most of the research in the field has focused on half-duplex (HD) relaying schemes [12] , which are intrinsically inefficient in terms of spectrum usage, as the communication process occurs in orthogonal time slots, thereby expending at least twice the channel resources needed by a direct-link transmission. In light of this, full-duplex (FD) communications have gained an increasing attention from academia and industry in recent years, since FD nodes are able to support transmission and reception of signals under the same time and frequency resources (i.e., the so-called in-band FD communication) [5] . However, such a spectral-efficiency gain comes at the cost of some self-interference caused by the transmit signal on the receive signal at the same node, which can severely impair the communication performance [13] . Several research groups have addressed this issue by proposing self-interference cancellation techniques and new transceiver designs, as well as by implementing advanced FD prototypes, which have been shown to significantly mitigate the self-interference. However, the mitigation levels reported in those studies do not yet allow the interference to be neglected or considered as noise [13] - [17] . As a consequence, FD nodes suffer from some level of residual self-interference (RSI). All in all, those latter accomplishments indicate the feasibility of FD communication and its applicability in future wireless networks, as shall be further discussed in Section IV. In fact, the advances on the FD transceiver design have rendered FD relaying a promising solution to boost spectral efficiency in cooperative relaying networks, since a FD relay-unlike its HD-based counterpart-is able to simultaneously receive and forward data on the same carrier frequency [17] - [19] , [21] - [23] .
On the other hand, one important aspect regarding the analysis of cooperative relaying networks is that the direct link between source and destination is usually overlooked-or treated as a source of interference in the particular case of FD relaying (see, e.g., [17] , [18] )-so that most works focus on dual-hop (or multi-hop) relaying strategies. Nonetheless, the diversity order and spectral efficiency of both full-and half-duplex relaying can be improved when the direct-link transmission is seen and treated as useful information [19] , [21] - [24] . Specifically, in FD relaying networks operating under the decode-and-forward (DF) protocol, coding schemes that enable the destination to handle simultaneously the source and relay information signals, which are referred to herein as joint-decoding (JD) schemes, can be achieved through either regular encoding with sliding-window decoding [25] or regular encoding with backward decoding [26] . 1 An extension of those schemes to more general scenarios was performed in [27] , and some applications to FD relaying schemes have been investigated in [19] - [22] .
A. RELATED WORK
The combination of the aforementioned techniquesunderlay spectrum sharing and FD relaying-in cognitive relaying networks (CRNs) has arisen as an appealing solution to cope with the demand of upcoming wireless networks, since both the overall system spectral efficiency and the secondary-network performance can be improved. In this context, several works have analyzed the performance of underlay CRNs, but most studies have focused on HD relaying schemes. Studies on FD relaying in a spectrumsharing context are still incipient (see, e.g., [28] - [32] , [35] ). In [28] , the idea of a secondary FD-DF relaying network with underlay spectrum sharing was first introduced. In that work, a scheme that considers equal power allocation (EPA) between the secondary source and relay was proposed, in which the transmit power of the secondary terminals is constrained by the maximum interference power tolerated at the primary network. Therein, the secondary network was considered to be impaired by two sources of interference: (i) the residual self-interference at the FD relay, and (ii) the transmission from the source via the direct link at the destination, as it takes place simultaneously with the transmission from the FD relay. Very recently, such analysis was extended in [29] , by exploiting the transmission from the source via the direct link as an information signal (rather than as interference) and performing JD at the destination. On the other hand, in [30] and [31] , an outage analysis was performed for opportunistic FD-DF relay selection. In those analyses, the selfinterference at the secondary relays was taken into account; however, in [30] the direct-link transmission was treated as interference at the secondary destination, while in [31] the direct-link transmission was ignored altogether. Despite these valuable contributions, a critical aspect regarding the systems studied in [28] - [31] is that the maximum allowed transmit power at the secondary terminals was assumed unlimited, since the transmit power was defined as the ratio between the maximum interference power constraint and the channel power gain from the secondary terminal to the primary destination.
Besides the above-mentioned works, in [32] , three relay selection criteria were analyzed in terms of the outage performance, for the FD amplify-and-forward relaying protocol and underlay spectrum-sharing constraints (i.e, the interference temperature constraint at the primary receiver and the maximum transmit-power constraint at secondary terminals). That work was later extended in [33] , in which the lower bounds of the outage probability for the system considered in [32] were determined. Nevertheless, in those studies, the effect of the direct-link transmission on the outage performance was disregarded, and equal power allocation between the secondary source and relay was assumed.
In [34] , the performance in terms of the outage probability and capacity for the secondary users in an underlay cognitive network with opportunistic relay selection was studied, considering two-way FD-based relays. In that case, the presence of the direct link and the maximum transmit power limit at secondary terminals were not considered. In [35] , we presented an adaptive transmission scheme for a cognitive DF relaying network, whereby one out of the following transmission modes is selected based on the channel conditions: HD relaying, FD relaying, or direct-link transmission.
Additionally, in the context of physical layer security, the secrecy outage probability for three relay selection schemes was studied in [36] , for a full-duplex heterogeneous network in the presence of multiple cognitive radio eavesdroppers.
More recently, in [37] , the outage performance of optimal and partial relay selection schemes was analyzed for a cognitive relaying network with full-duplex decode-and-forward relays, under the presence of multiple primary receivers. Therein, the transmission between the secondary source and destination is performed in two hops, thus neglecting the existence of the direct link. In addition, the transmit power at secondary nodes depends only on the interference temperature of the primary network, thus the effect of the maximumavailable transmit power on the outage performance is not considered. In [38] , a power allocation policy between the secondary source and relay, based on average channel state information (CSI), is proposed for a full-duplex amplify-andforward cognitive relaying network, in order to optimize the capacity. In that work, the direct-link transmission is also disregarded.
B. SUMMARY OF CONTRIBUTIONS
In contrast to the schemes in [28] and [30] , but similarly to the scheme in [29] , herein we shall exploit the transmission through the direct link as an useful information signal, rather than as interference, by assuming a JD reception at the destination. In addition, differently from [28] - [31] , the total transmit power at the secondary terminals is considered to be limited by not only a maximum interference power tolerated at the primary destination, but also a maximum-available transmit power at the secondary terminals. In this context, we derive an accurate closed-form approximation to the exact outage probability for a three-terminal cognitive FD-DF relaying network that employs JD reception at the secondary destination, under spectrum-sharing constraints, by means of which the combined effect of both the maximum interference power tolerated at the primary destination and the RSI at the secondary relay is investigated. It is worthwhile to mention that although the work in [35] addresses a hybrid scheme which includes the FD-relaying transmission mode, the performance of the fixed FD relaying scheme presented herein cannot be derived or assessed as a particular case of the analytical results obtained in [35] . The proposals of the referred schemes are different, thus requiring separate analyses. The following are our main contributions:
• We extend the results from [28] and [29] by accounting for the maximum-available transmit power at the secondary source and relay.
• For the proposed setup, we derive exact closed-form expressions for the cumulative distribution function (CDF) of the instantaneous received signal-tointerference-plus-noise ratio (SINR) at the secondary relay and the instantaneous received signal-to-noise ratio (SNR) at the secondary destination are also provided.
• We propose a closed-form approximation to the outage probability of the considered scheme, in which the transmission from the source through the direct link is processed as an information signal, rather than as interference.
• We call attention to the fact that the instantaneous received SNRs of the first hop and direct link, and those of the second hop and self-interference link, are correlated random variables (RVs). It is worth mentioning that this correlation, concerning the analysis of cognitive FD relaying networks, has been overlooked in the literature (see, e.g., [28] , [29] , [32] ). In particular, the analyses in [28] , [29] , and [32] were presented as exact solutions for the outage probability, but those analyses were performed by assuming statistical independence between the referred RVs, thereby being approximate solutions, indeed. In spite of that, such an assumption turned out to render tight approximations to the exact outage probabilities of the systems considered in those works, as can be observed from the sample examples therein. We have empirically verified that the same holds true in our case. So we shall adopt the referred independence as an approximate analytical framework.
• A closed-form asymptotic analysis is presented for the outage performance, whereby the outage floor at high SNR is characterized, as well as the effect of the maximum interference level tolerated at the primary destination is assessed.
• We investigate the impact of different power allocations between source and relay at the cognitive network.
• An extensive set of numerical results is provided, which compares the performance of the proposed scheme to those of the schemes presented in [28] and [29] . Our results show that a maximum-available transmit power not only saves energy but also reduces the outage probability at medium to high SNR.
An outline of the paper is as follows. In Section II, the system model for cognitive FD-DF relaying networks with usable VOLUME 6, 2018 direct link is characterized. In Section III, a highly accurate approximation to the exact outage probability of the scheme under investigation is presented in closed form. In addition, an asymptotic outage analysis is carried out to describe its behavior at high SNR. Section IV shows numerical results that validate the foregoing analysis. Finally, the main conclusions are drawn in Section V. Notation: Throughout this paper, f X (·) and F X (·) represent the probability density function (PDF) and CDF of a RV X , respectively, E [·] is the expectation operator, and Pr [·] stands for probability.
II. SYSTEM MODEL FIGURE 1. System model of an underlay cognitive relaying network consisting of one source (S), one FD relay (R), and one destination (D), which operates in the licensed spectrum owned by a primary destination (P). The data links are represent by solid lines, while the interference links are represented by dashed lines. Note that R suffers from self-interference.
As illustrated in Fig. 1 , the considered underlay cognitive relaying network consists of one source terminal (S), one FD-DF relay terminal (R), and one destination terminal (D), which operate subject to the power constraints inflicted by a primary destination (P). We summarize the system-model assumptions as follows:
(i) All terminals are supposed to be equipped with a single antenna, except for the secondary relay, which is equipped with one pair of transmit and receive antennas. Indeed, by employing a two-antenna setup, a high physical isolation between the antennas at the FD relay can be achieved, in order to alleviate the selfinterference [18] . (ii) The channel coefficients of the data links S → R, R → D, and S → D are denoted by h X , h Y , and h Z , respectively; the channel coefficient of the RSI link at R is denoted by h W ; and the channel coefficients of the interference links S → P and R → P are denoted by h U and h V , respectively. (iii) All wireless links, including that of the RSI, exhibit independent and non-identically distributed (i.n.i.d.) block Rayleigh fading. Thus, the corresponding channel power gains
, while the channel coefficients are supposed to remain constant during each data transfer block, but change independently over consecutive blocks. It is noteworthy that, as a common assumption in FD relaying (see, for example, [18] , [19] , [21] - [23] , [28] - [32] ), the RSI link at R is also modeled as a Rayleigh fading channel, by considering that the scattering component prevails over the specular component, once this latter is significantly attenuated upon using passive and active self-interference mitigation techniques [13] - [17] . (iv) The maximum interference power tolerated at P, coming from the cognitive network, is denoted by I . Bearing the above assumptions in mind, the transmit powers at the secondary source and relay, P S and P R , are constrained as
where
with P T being the maximum-available transmit power at S and R, 0 ≤ η ≤ 1 being an arbitrary power allocation factor between S and R, andη = 1 − η, in order to satisfy the constraint in (1). Then, the instantaneous received SNRs of the data links S → R, R → D, S → D, and that of the self-interference link can be expressed as X = g X P S /N 0 , Y = g Y P R /N 0 , Z = g Z P S /N 0 , and W = g W P R /N 0 , respectively, where P S and P R are given by (2) and (3) , and N 0 is the mean power of the background noise at all secondary nodes, which is assumed to be AWGN. Now, by definingγ P P T /N 0 as the maximum transmit SNR at the secondary terminals and γ I I /N 0 as the maximum interference-to-noise ratio tolerated at the primary destination, we have that X , Y , Z , and W can be written, respectively, as
Then, the instantaneous received SINR at the secondary relay, γ R , and the instantaneous received SNR at the secondary destination, γ D , are obtained, respectively, as
Note in (6) that the secondary destination treats the transmission coming from the direct link as an information signal, in contrast to the schemes in [28, eqs. (13) and (18)], where this transmission is treated as an interference signal. This is enabled by using a JD technique, as described next.
A. JOINT-DECODING SCHEME As in [19] , [20] , [29] , and [30] , herein the direct-link transmission is assumed to be exploited as a source of information through a JD technique. As discussed in those works, such a technique relies on a combination of block-Markov encoding at the source and relay, associated with coding for the cooperative multiple access channel and superposition coding [27] , [39] , which is referred to as irregular encoding/successive decoding [27] . As remarked in [27] , the same target rates can be achieved through different strategies, such as regular encoding/sliding-window decoding [25] and regular encoding/backward decoding [26] . Note that the message of the relay is one block delayed compared to that of the source. After receiving the last block from the relay, the destination applies backward decoding to jointly decode the messages from both source and relay.
For illustration, let us consider a regular encoding/backward decoding scheme, as depicted in Fig. 2 . As proposed in [26] and revisited in [20] and [29] , we observe from Fig. 2 that the source message x is split into L blocks. In addition, the re-encoded message at the relay,x, is delayed with respect to x, such thatx
which means that the relay message is delayed only by one block with respect to the source message. However, it is worthwhile to mention that the performance of regular encoding/backward decoding is not affected for large L, as long as the ratio between the delay and number of blocks, T d /L, is small [21] . At the destination, after receiving the last block from the relay, a backward decoding technique is applied to jointly decode the messages.
For such a joint-decoding technique, it is shown in [29] that the instantaneous received SNR at the destination can be obtained via maximal-ratio combining as in (6) .
III. OUTAGE PROBABILITY
In this section, approximate and asymptotic analytical expressions for the outage probability of the considered scheme are introduced by Theorems 1, 2, and 3 in closed form. For the asymptotic analysis, we consider the following two cases: (i) P T varying independently of I (that is, considering a fixed value of the interference temperature), and (ii) P T varying proportionally to I . First, let us define the corresponding outage event.
Definition 1: For the proposed setup, the secondary network is in outage if the instantaneous end-to-end SNR is less than a given threshold τ . Thus, for the DF relaying protocol, the outage probability can be written as [19] - [21] 
where the instantaneous received SINR at the secondary relay and the instantaneous received SNR at the secondary destination, γ R and γ D , are given by (5) and (6), respectively. Remark 1: Note from (5) and (6) and from the definitions of X , Y , Z , and W in (4) that γ R and γ D are correlated RVs, although this has been overlooked in previous works [28] , [29] , [32] . More specifically, both instantaneous received SNRs X and Z depend on the channel power gain g U , which corresponds to the interference link S → P. Similarly, both instantaneous received SNRs W and Y depend on the channel power gain g V , which corresponds to the interference link R → P. Hence, the joint CDF in (7) is not given by the product of the marginal CDFs, i.e.,
as often assumed in previous works [28] , [29] , [32] . But finding this joint CDF is a rather difficult task, which renders approximate solutions especially attractive. In particular, as in [28] , [29] , and [32] , γ R and γ D can be assumed to be independent. Next we assume this to allow for an approximate solution. More importantly, we show that the resulting approximation is highly accurate over the whole range of transmit SNR values, irrespective of the average RSI channel power at the secondary relay and the interference power constraint at the primary destination. Now we state Lemma 1, which will be helpful for proving Theorem 1.
Lemma 1: The CDF and PDF for the instantaneous received SNR X at the first hop are given by
(9) Proof: Please refer to Appendix A. Following the same rationale, the CDFs and PDFs for Z , W , and Y can be shown to be attained as in (8) and (9), with the following substitutions: X by Z , for Z ; X , U , and η by W , V , andη, for W ; and X , U , and η by Y , V , andη, for Y .
Next we introduce two theorems concerning the outage performance of the proposed scheme.
Theorem 1: In a secondary network with spectrumsharing constraints, FD-DF transmission at the relay, and JD reception at the destination, an accurate approximation to the outage probability is given in closed form as
where τ is the target SNR threshold, and γ R and γ D are respectively the instantaneous received SINR at the secondary relay and the instantaneous received SNR at the secondary destination, given by (5) and (6), the CDFs of which are computed as in (11) and (12) Proof: Please refer to Appendix B. In the following theorem, an asymptotic expression in the high-SNR regime for the approximation given in (10), considering that P T varies independently of I , is presented in closed form.
Theorem 2: In a secondary network with spectrumsharing constraints, FD-DF transmission at the relay, and JD reception at the destination, the asymptotic outage performance at high SNR is determined as
Proof: By considering that the maximum-available transmit power at the secondary terminals, P T , varies independently of the maximum interference power tolerated at the primary destination, I , it follows that all the terms proportional to 1/γ P tend to zero as P T increases in the high-SNR regime (see the definition forγ P in Section II). Additionally, using the Maclaurin expression for the exponential function [40, eq. (0.318.2)], we have that e −λ 1 − λ for small λ. Applying this into (10) with use of (11) and (12), and disregarding the high-order terms in respect to 1/γ P , by some algebraic manipulations, an asymptotic expression for the outage probability can be obtained in closed form as in (13) .
Remark 2: Note from (13) that the asymptotic outage probability is independent ofγ P , thereby resulting in a floor, expressed in terms of the following system parameters: the average channel powers of the data link S → D ( X ), the selfinterference link ( W ), and the interference links S → P ( U ) and R → P ( V ); the power allocation factor η; and the maximum interference-to-noise ratio tolerated at the primary destination (γ I ). Hence, the diversity order [41] for the considered system becomes zero. In the next section, numerical results illustrate how the referred system parameters affect the asymptotic outage performance. Now, by considering that P T varies proportionally to I , an asymptotic expression at high SNR for the approximation given in (10) is obtained in closed form as follows.
Theorem 3: The asymptotic outage probability for a secondary network with spectrum-sharing constraints, FD-DF transmission at the relay, and JD reception at the destination, in which the maximum-available transmit power at the secondary terminals is varied proportionally to the interference power constraint at the primary destination, is obtained as
Proof: The proof follows a rationale similar to that of Theorem 2, but in this case, since P T ∝ I , we have that all the terms proportional to 1/γ P and, consequently, those terms proportional to 1/γ I , go to zero as P T becomes larger in the high-SNR regime. Therefore, from (10), by using (11) and (12), neglecting the high-order terms with respect to 1/γ P and 1/γ I , and after some simplifications, an asymptotic closed-form expression for the outage probability can be attained as in (14) .
Remark 3: Note from (14) that, for P T ∝ I , the asymptotic outage performance is expressed in terms of the same system parameters as in (13) (in which a fixed value of the interference temperature I is considered), except that, in this case, the asymptotic outage performance is independent not only ofγ P , but also ofγ I . As a consequence, the diversity order of the system is also zero, which is expected because of the deleterious effect of RSI, inherent to FD relaying.
IV. NUMERICAL RESULTS AND DISCUSSIONS
In the following, the approximate and asymptotic outage expressions derived in Section III are evaluated through
some representative sample cases. Let us consider a twodimensional topology, where the source, relay, and destination of the cognitive network and the destination of the primary network are located at (0, 0), (0.5, 0), (1, 0), and (0.25, 1), respectively. Additionally, with no loss of generality, let the average channel power of all wireless links be determined by the path-loss, i.e.,
where d A is the distance between two terminals and α is the path-loss exponent. In our examples, the path-loss exponent and the target SNR threshold are set as α = 4 and τ = 0 dB, respectively. As for the average channel power of RSI, W , we have assumed a conservative position with respect to the self-interference mitigation at R, similarly to other related works on FD relaying (see, e.g., [18] , [23] , [28] , [29] ). By doing so, we aim to demonstrate that the system performance can be hampered by the self-interference. On the other hand, the RSI values assumed herein (−40 to 0 dB) are too high when compared to the recently claimed interference-cancellation (or attenuation) levels (70 to 100 dB) [13] - [15] . These experimental results show the potential and feasibility of FD communications, as some of those RSI levels are close to the noise floor. All in all, it is noteworthy that such interference-cancellation levels entail not only antenna isolation but also sophisticated active (analog and digital) cancellation techniques [16] . Thus, hardware limitations may diminish the performance gain of the FD operation mode. The outage performance of the investigated network against the transmit SNR is shown in Fig. 3 , for distinct values of the maximum interference constraintγ I = 0, 5, 10, 20, 40 dB, with W = −20 dB and η = 0.5 (i.e., equal power allocation). We corroborate our analytical formulas via Monte Carlo simulations. As one can observe from Fig. 3 , our approximation in (10) and the simulation results have an excellent match. Moreover, note that, as the primary destination relax the maximum interference constraint (increasinḡ γ I ), the performance of the secondary network improves, as expected. Also note that, forγ I ≥ 20 dB, the system performance shows an increase in the outage probability at high SNR. This is explained by the fact that, differently from HD relaying schemes, the considered FD relaying scheme suffers from RSI. Thus, even though operating at high SNR, the outage performance worsens, since more transmit power is permitted to the relay, and, consequently, the deleterious effect of the RSI increases. This trade-off is further investigated next. Fig. 4 shows the outage performance of the considered network for distinct values of average channel power at the RSI (8)] are also shown. For clarity, only the cases W = 0 and −40 dB are shown for the EPA scheme. Again, note that the accuracy of our approximate and asymptotic expressions is corroborated by the simulation curves. Also note that, at the high-SNR regime, the system performance exhibits a floor, which is caused by two main factors: the RSI at the FD relay and the maximum interference power tolerated at the primary destination. For low RSI (e.g., W = −40 dB), the outage probability is chiefly governed by the maximum interference constraint. Thus, the floor of the outage probability is observed to occur when the transmit system SNR approaches the interference constraint (i.e., 2γ P ≈γ I = 20 dB). On the other hand, as the RSI increases, the outage floor level rises, thereby diminishing the outage performance, as expected. In particular, note that, as more transmit SNR is allowed, our scheme approaches the performance of the EPA+JD scheme, as expected. In addition, when a very low transmit SNR is allowed, our scheme is outperformed by the EPA+JD scheme (and even by the poorer EPA scheme). This is indeed quite intuitive, as the EPA and EPA+JD schemes have unbounded transmit SNRs. But less intuitive is the behavior at medium-to-high transmit SNR. In this range, the constrained transmit power in our scheme proves to be advantageous, leading to a lower outage probability. This is because the reduced transmit power is outbalanced by the corresponding reduced self-interference. Fig. 5 shows the system throughput corresponding to the above-considered scenario, in which we have setγ I = 20 dB and η = 0.5, allowing for different values of average channel power at the RSI link. Similarly to [23] , herein the throughput is defined as the product of the spectral efficiency with the probability of successful transmissions, given in bits/s/Hz. Thus, by defining a target spectral efficiency R, related to the target SNR threshold τ as R = log 2 (1 + τ ) for FD relaying, the system throughput is given by T = R(1 − P out ). For illustration purposes, we have used R = 1 or, equivalently, τ = 0 dB. From the figure, we corroborate the fact that self-interference mitigation techniques play a key role in better exploiting the potentials of FD relaying, especially at medium-to-high SNR, as the lower is the RSI level, the higher is the achieved throughput. On the other hand, it is paramount to take into account the maximum-available transmit power at the secondary nodes, as it proves to limit the throughput performance achieved by EPA and EPA+JD schemes at low SNR, in which the secondary source and relay are allowed for unbounded transmit powers, defined as I /g U and I /g V , respectively [28] , [29] .
In Fig. 6 , the outage performance of the system is assessed, for the same network setup considered in Fig. 4 (i. e., different values of W and η=0.5), except that, in this case, we consider P T ∝ I . Again, for comparison, the outage performance of EPA and EPA+JD schemes are presented. We can observe from Fig. 6 that the system performance also exhibits a floor, as expected. However, the key difference with respect to the performance shown in Fig. 4 (in which P T varies independently of I ) is that the outage saturation is only caused by the FD relaying operation, since as more transmit power is allowed at secondary terminals, the higher is the effect of RSI at the relay. In contrast, in Fig.4 , the outage floor is governed by both the interference temperature I and RSI. Also note that the proposed scheme outperforms both EPA and EPA+JD schemes. This is due to the unbounded characteristic of the transmit power in EPA and EPA+JD schemes, such that poor channel conditions (or, equivalently, low channel gain values) of the interfering links S → P and R → P result in higher transmit powers at secondary terminals, thereby worsening the effect of RSI. Then, for such a condition of the interfering links, limiting the maximumavailable transmit power shows to be beneficial to the system performance, as the effect of RSI is diminished.
In Fig. 7 , the effect of the power allocation factor η between the terminals S and R on the outage probability is depicted. In this case, we have setγ I = 20 dB and W = −20 dB. Note that the performance improves as more power is allocated to the source (increasing η). This is because the effect of the RSI diminishes, as less power is allocated to the relay. In particular, when η > 0.5, our scheme outperforms the EPA+JD scheme at medium-to-high SNR. On the other hand, one could infer from the behavior of the curves in Fig. 7 that the best strategy for communication would be to set η = 1 (or, equivalently, to dispense with R). However, it is worthwhile to point out that such a behavior resulted from the particular set of parameters considered in this specific example. This is not always true, as will be shown in the next figure. Fig. 8 illustrates the outage probability against the power allocation factor η between the terminals S and R, by considering different values of the interference power constraint γ I = 0, 5, 10, 20, 40 dB, with W = −20 dB and 2γ P = 30 dB. As discussed above, in general, the outage performance improves as more power is allocated to the source (increasing η), and, consequently, less power is allocated to the relay, since we reduce the impact of the self-interference. However, for largeγ I (or, more specifically, forγ I ≥ 2γ P ), the secondary nodes transmit most frequently with maximum transmit power P T , and thus varying η does not bring any additional gains. On the other hand, note that depending on the value of the maximum interference constraintγ I , a power allocation factor η different from 1 can be the optimal choice. For example, under stringent spectrum-sharing constraints (e.g., forγ I = 0 and 5 dB), the use of the secondary FD relay proves to be advantageous. Fig. 9 shows the performance of the system under investigation in terms of the outage probability against the distance from S to R, d X , by considering different values of the power allocation factor η. Here, the same two-dimensional topology of the previous examples is employed, except that the location of the secondary relay is varied along the distance between the secondary source and destination. Thus, the following relations hold: 0 < d X < 1 and d X + d Y = 1. In addition, to keep symmetry with respect to S and R, the location of the primary destination is set as (d X /2, 1). The other system parameters are set asγ I = 20 dB, W = −20 dB, and 2γ P = 30 dB. Also note in this case that, for η > 0.5, our scheme outperforms the EPA and EPA+JD schemes. Yet, when η < 0.5 and R is closer to D, our scheme deteriorates, being poorer than EPA.
V. CONCLUSIONS
This paper analyzed the outage probability for a cognitive network employing FD-DF transmission at the relay and JD reception at the destination, in an underlay spectrumsharing scenario. We derived a tight approximate expression for the outage probability, obtained in closed form. Computer simulation results were provided to corroborate the high accuracy of our analytical approximation. The results showed that either the maximum interference power tolerated at the primary destination or the residual self-interference at the secondary relay may lead to an outage floor in the high SNR regime. This floor level was derived from an asymptotic outage analysis and expressed as a function of key system parameters.
APPENDIX A PROOF OF LEMMA 1
Here, analytical expressions for the CDF and PDF of X are provided in closed form. From (2) and (4a), the CDF of X can be determined as 
where in step (a) we have used that I /P T =γ I /γ P , and step (b) follows since g X and g U are exponentially distributed variates with average values given respectively by X and U . Then, by some mathematical manipulations, an useful analytical expression for the CDF of X is attained in closed form as in (8) . Moreover, by employing [42, eq. (4.13)], the PDF of X can be obtained from (8) as
from which, by some mathematical manipulations, a closedform expression for the PDF of X is attained as in (9), thus concluding the proof.
APPENDIX B PROOF OF THEOREM 1
Here, a highly approximate solution for the outage probability of underlay cognitive FD-DF relaying networks employing JD reception at the secondary destination is obtained in closed form. As aforementioned, finding the joint CDF F γ R ,γ D (·, ·) in (7) proves to be extremely intricate. On the other hand, we have empirically verified through exhaustive simulations that an analysis performed under the assumption of independence between γ R and γ D , so that F γ R ,γ D (·, ·) = F γ R (·)F γ D (·), renders an excellent approximate solution to the exact outage performance of the considered scheme, as can be seen by illustrative examples in Section IV. 2 Therefore, the outage probability in (7) can be well approximated by (10) . Note in the latter expression that, differently from (7), only the marginal CDFs of γ R and γ D are needed to completely determine P out . From (5) and (6), the CDFs of γ R and γ D can be obtained as
In light of (17) and (18), the CDFs of X and Z , as well as the PDFs of W and Y , are required in order to compute the outage probability in (10) . Then, by invoking Lemma 1 and substituting the corresponding probability functions 2 As mentioned before, such an assumption was also exploited in previous related works (e.g. [28] , [29] , [32] ).
into (17) and (18) , after lengthy simplifications, (11) and (12) are obtained. Finally, by plugging the latter expressions into (10), we obtain a new accurate approximation, given in closed form, for the outage probability of underlay CRNs operating under FD-DF relaying and JD reception at the secondary destination, which concludes the proof.
